ABSTRACT Flight performance calculation is an important part of the micro flapping wing air vehicle design. It is used to verify whether the air vehicle design meets the performance requirements so as to make targeted improvements to the design. It also provides a reference for the flight test of the micro flapping wing air vehicle. The calculation methods for the flight performance of the fixed-wing air vehicle and the rotorcraft cannot be copied for the flight performance of the flapping wing air vehicle. The paper first builds the energy theory and slipstream theory of the flapping wing flight, providing a calculation method of the power required for the flapping wing flight. Based on the design data, including performance requirements of the flapping wing air vehicle, overall parameters, and wing drive system performance, the paper proposes the calculation methods for the flight performance such as the level flight performance, climb performance, and endurance performance of the flapping wing air vehicle. The paper compares the flight performance calculation results of flapping wing air vehicle prototype with the flight test data, which illustrates the rationality of the calculation methods proposed.
The superior flight performance is the basis for the section design of the flapping wing air vehicle and the key to successfully completing the mission. The research scope of the flight performance of the flapping wing air vehicle includes the flight velocity, altitude characteristics and full-load lift characteristics of each flight phase during the entire flight mission. The calculation of the flight performance is an important step in the overall design process of the micro flapping wing air vehicle. It is mainly used to verify whether the overall design scheme meets the overall design requirements and then have corresponding improvement. The lift and thrust of the flapping wing air vehicle are generated by the flutter of the flapping wing. So, his calculation methods for the flight performance of the fixed-wing air vehicle and the rotorcraft cannot be copied for the flight performance of the flapping wing air vehicle. At present, the research on the flapping wing air vehicle mainly focuses on the flapping wing flight mechanism, aerodynamic theory and test, bionic flapping wing design, bionic driving and flight control [1] [2] [3] .
There are relatively few performance calculation methods of the flapping wing air vehicle. The research in similar fields is mainly conducted for the flight of birds or insects [4] [5] [6] [7] [8] . At present, accurate data of the flapping wing air vehicle performance is mainly obtained by flight tests [9] [10] [11] , there is no accurate numerical calculation method yet.
In view of the importance of the flapping wing flight performance calculation, based on the energy theory and slipstream theory of the flapping wing flight, this paper proposes the calculation methods for the flight performance such as the level flight performance, climb performance and endurance performance of the flapping wing air vehicle in accordance with the performance requirements of the flapping wing air vehicle, overall parameters and wing drive system performance.
II. ENERGY THEORY OF FLAPPING WING FLIGHT
When the flapping wing air vehicle flies forward at a certain horizontal velocity, it needs to consume a certain amount of energy, which is derived from the wing drive system. The energy is consumed by the lift and the thrust generated by the flapping wing, as well as the obtained flight velocity and range. The power P 0 required for the flapping wing flight is mainly composed of three parts: induced power P i , effective power P e and flutter power P s .
The induced power P i , is the power used to overcome the induced drag (which is caused by the lift) of the flapping wing flight, which is the power required to support the weight of the aircraft.
The effective power P e is the power required to overcome the zero-lift drag of the flapping wing air vehicle. The he zero-lift drag is proportional to the wetted area of the aircraft and is also proportional to the forward flying velocity V ∞ . Therefore, the effective power P e is proportional to the cubic of V ∞ .
The flutter power P s is the power used to overcome the moment of inertia and frictional drag of the wing during the flight as wings flap continuously. Because the air flow during the entire wing flapping is highly coupled. It is subject to multiple effects of the forward velocity, the flutter circumferential velocity and the angle of attack. According to the results of the wind tunnel test, it can be considered that the flutter power is equal to twice the minimum of the sum of the induced power P i and the effective power P e at all flight velocities, namely: P s = 2 min (P i + P e )
III. SLIPSTREAM THEORY OF FLAPPING WING FLIGHT
When the flapping wing air vehicle flies forward, the flapping wing is in the inclined airflow. The production mechanism of the induced power P i and the effective power P e can be analyzed through the slipstream theory of the flapping wing flight. With reference to the slipstream theory [12] of the rotor flight in helicopter aerodynamics, the basic assumptions for the slipstream theory of the flapping flight is established as follows:
(1) The airflow velocity distribution at the same section is uniform;
(2) The circumferential velocity caused by the flapping wing is not considered.
The inertial coordinate system, the wing coordinate system and the wing flapping plane properties are established according to the characteristics of flapping wing motions. Based on the basic assumptions of the slipstream theory, the flow field during the flapping wing flight is shown in Fig. 1 . Let the airflow velocity be V ∞ at infinity upstream, V B the flutter plane and V C the infinity downstream. From upstream to downstream, the airflow velocity is getting faster and the cross-sectional area of the slipstream is getting smaller. The flow direction is also changing.
According to the different air velocities in front of and behind the flapping plane of the wing, the flow field can be divided into three regions as shown in Fig. 1 . In the figure, O 0 X 0 Y 0 is the inertial coordinate system, and the X 0 axis is parallel with the incoming flow velocity V ∞ . O W X W Y W is the wing coordinate system, the X W axis and the flutter axis are collinear. The angle α tween X 0 and X W the angle of attack, ε is the air deflection angle generated when the undisturbed airflow V ∞ passes through the flapping wing plane.
The vector correlation between velocity and aerodynamics in the flapping wing flow field is shown in Fig. 2 . Each v the figure is an induced velocity increment. The relationship between the air velocity and the induced velocity in each flow region is as follows:
Region A:
Region B:
Region C:
included velocity 
Where: ρ is the atmospheric density and S is the area swept by the flapping wing.
According to the kinetic energy theorem, powers in the direction of X 0 and Y 0 are:
According to the definition of power, P X and P Y are:
Through the comparison of (5) and (6), then there are:
The induced velocity and aerodynamic force at the flutter plane are:
The total power P required for the flapping wing flight is:
According to Fig. 2 , there are:
Substitute (10) into (12), then:
According to (13) , then:
Substitute (10) into (11), then:
Substitute it into (16) and get the final flutter power:
The power required for the flapping wing consists of two parts of power: one is used to overcome the induced drag to obtain the lift, and the other is used to overcome the zero-lift drag to obtain the forward flight thrust, namely:
Effective power:
cos α . The induced power P i can be obtained from (18) is:
It can be seen from equations above that when the flapping wing air vehicle is in the normal level flight, the mass air flow m increases with the increase of the leveling velocity V ∞ . F Y is the lift and it is equal to the takeoff weight W TO . On the other hand, as the flight velocity increases, in order to maintain the lift, the angle of attack α needs to be reduced, the induced power P i is significantly reduced as the leveling velocity increases.
It can be seen from Fig. 2 that F X = F W sin α. F X is the zero-lift drag of the entire vehicle. According to (19) and the definition of the zero-lift drag: D 0 = 0.5ρV 2 ∞ S ref C D0 , the effective power P e is:
It can be seen from equations above that as the flight velocity V ∞ increases, the effective power increases rapidly with the cubic of V ∞ .
The flight of the flapping wing air vehicle can be divided into three states according to the flight velocity, namely:
(1) hovering state At the left-most of the power curve V ∞ = 0 the angle of attack α = 90 • , the effective power P e = 0, and V B = v B = V BY .According to (5), the induced power is:
It is also obtained through (4) that m = ρSV B = ρS v B . Substitute it into (20), then:
According to (22) and (23), then:
Substitute the above equation into (22), then:
The above equation is the hovering power required for the takeoff weight W TO .
(2) Fast leveling state The fast level flight status generally refers to the sit uation when the angle of attack α ≤ 10 • It can be seen from Fig. 2 :
Since the flight velocity is fast at this time, the mass air flow m increases as the level velocity V ∞ increases. The airflow deflection angle ε required to obtain sufficient lift is small, so the above equation is simplified as:
As the airflow deflection angle ε is small during the fast level flight, it is considered that v B ≈ v BX . According to (10) , then:
Solve the v B in (28), then:
Substitute (27) and (29) into (4):
Substitute the equations into (20), then:
the equations above, the equation for the flapping flight power P can be obtained by (21):
Where: W TO the takeoff weight, ρ is atmospheric density, C D0 the zero-lift drag coefficient of the entire vehicle. S ref the reference area of the entire vehicle (ie all the wing areas including the overlap of the fuselage), S the area swept by the flapper wing (S = b 2 ϕ max 4, b is the wingspan, ϕ max the amplitude of the wing flutter in radians). Since parameters above are basically unchanged throughout the flight, (32) is abbreviated as:
Where:
(3) transition state from hovering to fast leveling The flutter power distribution in this state is complicated and has gone beyond the slipstream theory solution of the flapping flight. It needs to use more detailed theoretical models and computational fluid dynamics (CFD), or to rely on fine wind tunnel tests. According to the hovering state and the fast leveling state of the flapping wing air vehicle, the curves of induced power and effective power changing with the flight velocity are drawn and then superimposed. The ''U'' curve of the flapping wing flight power changing with the flight velocity under the ideal state (the flutter power is not considered) can be obtained as shown in Fig. 3 . The shape of the curve and the trend with the flight velocity are the same as the curve of the power required by the mute swan flapping flight obtained through a large number of statistics in the literature [13] and the curve of the power required by the snow goose flapping flight obtained through the wind tunnel test in the literature [11] , proving that the analysis and calculation of the flapping wing flight power through the slipstream theory proposed in the paper are reliable.
Since the slipstream theory of the flapping wing flight cannot calculate the induced power of the narrow velocity state from hovering to fast leveling. In order to ensure the continuity of the induced power curve, the paper makes a continuous smoothing to the induced power curve close to the zero flight velocity. The real situation needs to be further studied.
IV. FLIGHT PERFORMANCE CALCULATION METHOD OF FLAPPING WING AIR VEHICLES A. COMPUTRATION METHOD OF LEVEL FLIGHT PERFORMANCE
The leveling performance of the flapping wing air vehicle mainly refers to the maximum leveling velocity V max that can be achieved when the flapping wing air vehicle is normal leveling and the minimum leveling velocity V min that can be maintained. The normal leveling of the flapping wing air vehicle refers that the flight velocity, the flight altitude and the flight attitude remain unchanged without considering the high-frequency floating motion s and pitching motions caused by the aerodynamic forces. 4 shows the power curve of the flapping wing flight including the induced power P i , the effective power P e and the flutter power P s . During the fast leveling state, the maximum flight velocity of the flapping wing air vehicle is mainly limited by the maximum available power P V ·max . With the increase of the leveling velocity, the zero-lift drag and the effective power, when the total power of the flapping wing flight reaches the maximum output power P V ·max at the wing drive system can provide, the leveling velocity cannot be further increased. The flight velocity is the maximum flight velocity V max , namely:
The maximum leveling flight velocity V max can be obtained by solving the above equation. The maximum leveling flight velocity V max at the maximum available power P V ·max can also be obtained through the simple graphing method based on the power curve shown in Fig. 3 .
The zero-lift drag coefficient C D0 is needed for the calculation of the K 1 and K 2 . The zero-lift drag is the drag independent of the lift. It is mainly the frictional drag of the aircraft surface, which is proportional to the wetted area of the aircraft. The zero-lift drag of a well-designed aircraft during the low-velocity cruising is mainly the frictional drag. The differential pressure drag caused by the separation only accounts for a small part. For the flapping wing air vehicle, as it is impossible to truly distinguish the thrust and the drag generated by the flapping wing flight, the zero-lift drag coefficient C D0 refers to the drag coefficient of the entire vehicle when the wing is not fluttering and the lift is zero. The zero-lift drag coefficient can be estimated through the equivalent skin friction coefficient method, namely:
Where: S wet the wetted area of the entire vehicle. S ref the reference area, here it is the wing area. C fe the equivalent skin friction drag. The wetted area of the entire vehicle S wet d the wing area S ref n be accurately calculated by the 3D electronic prototype. The equivalent skin friction drag is mainly obtained through the CFD calculation of the entire vehicle model of the flapping wing air vehicle through the N-S equation numerical solution method. For most flapping wing air vehicles, it can be taken as 0.008.
The minimum flight velocity of the flapping wing air vehicle during the normal flight should be analyzed in details. For a flapping wing air vehicle with the hovering capability, the minimum leveling velocity is zero. For a flapping wing air vehicle without the hovering capability, the flapping wing needs to reach the maximum available lift coefficient C L·max when it is flying at the minimum level flight velocity. This kind of flight state with a big angle of attack at a small velocity is in the transition process from the hovering state to the fast leveling state. The flapping wing slipstream theory proposed by the paper cannot be analyzed, and it usually requires the support of wind tunnel test results. 
Where: C L·K is maximum available lift coefficient for the angle of attack α. T is the flapping wing thrust measured at zero wind velocity in the wind tunnel test, which is similar to the bench thrust of a conventional jet engine. The minimum leveling flight velocity can be obtained according to (36).
B. CALCULATION METHOD OF CLIMB PERFORMANCE
Because the micro flapping wing air vehicle is suitable for the low-altitude flight near the ground, the flapping wing air vehicle often takes off in a small area. Limited by the surrounding environment, it needs to reach the cruising altitude quickly. So, there is a high requirement for the climb rate V v .
From the perspective of energy, the aircraft not only needs to overcome the forward flying drag and maintain the lift, it also needs to provide the power required for the increase in height and potential energy, that is, when the flapping wing air vehicle climbs at a rising angle, the potential energy of the flapping wing air vehicle increases. At this time, the total energy balance equation of the flapping wing air vehicle is:
Where: P V the power required due to the increase in height and potential energy of the aircraft, that is, the remaining climb power.
This power is the product of the vertical ascent velocity V v and the takeoff weight V v , that is, P V = V v W TO ,then:
Therefore, similar to the fixed-wing aircraft, the fastest rising velocity V v of the flapping wing air vehicle is the remaining power per unit weight. According to Fig. 3 , the remaining power per unit weight can be easily obtained, which means that the fastest rising velocity of the flapping wing air vehicle can be obtained.
According to the definition of the conventional aircraft ceiling limit, the available ceiling of the flapping wing air vehicle H max the maximum flight altitude that can be achieved when the rate of climb V v = 0.5m/s is reached. Since the flapping wing air vehicle is powered by a micro motor, the output power of the micro motor is not limited by the flight altitude. As the flight altitude increases, the atmospheric density gradually decreases. When the rate of climb remains unchanged, it needs a larger flutter power. When the power required reaches the maximum output power of the wing drive system, the flapping wing air vehicle reaches the maximum flight height. Therefore, the ceiling of the flapping wing air vehicle is limited by the maximum output power of the wing drive system. Usually, the cruising altitude of the flapping wing air vehicle is only tens of meters to 100 meters, there is no need to impose excessive requirements on the micro flapping wing air vehicle.
In fact, for the art foiling wing air vehicle with current technologies, the airborne energy is generally provided by polymer lithium ion batteries. The limit of the maximum ceiling is the available power of the battery Q B Since the climbing motion consumes great power, and the climb rate of the flapping wing flight is relatively low. During the climbing process, when the change in air density has not affected the generation of aerodynamic force, Q B can no longer meet the requirement of the height increase. At the moment, the maximum ceiling of the actual flight is reached. The available power Q B of the polymer lithium ion battery is limited by the output current I B·OUT of the battery. I B·OUT is usually characterized by the discharge time t KY remained by the discharge current before the output voltage drops to a certain threshold U KY that is, the available power Q B of the battery can be approximately characterized by the function of I B·OUT , U KY and the discharge time t KY , namely:
The capacity c of the polymer lithium ion battery is measured in ampere-hours. I B·OUT in the (39) can be expressed as: Where: n is the discharge index. When a certain type of polymer lithium ion battery discharges with different discharge indexes based on tests, the available output voltage U KY of the battery changes as shown in Fig. 6 . It can be seen that the available power of the battery is closely related to the discharge index n. The battery with better performance can discharge with a larger discharge index and keep the output voltage U KY stable for a longer period of time.
It can be seen from above that the output power P 0 the flapping wing air vehicle wing drive system is ultimately affected by the overall drive efficiency η s of the drive system, the available output voltage U KY of the battery, the battery capacity c and the discharge index n. That is to say, with different maximum power durations, the maximum output powers that can be obtained by the wing drive system including the power battery are different. The vertical climbing velocities V v obtained are also different. Therefore, the maximum ceiling of the flapping wing air vehicle is finally determined by the battery discharge capacity.
According to the battery discharge capacity shown in Fig.6 , the power curve required for the flapping wing flight shown in Fig. 4 and (37) ∼ (40), the ceiling H max obtained by the flapping wing air vehicle at the maximum climbing velocity V V ·max can be obtained, shown as follows:
The endurance performance of the flapping wing air vehicle mainly includes the flight time and the range. The flight time refers to the longest endurance time t max the flapping wing air vehicle. The range refers to the farthest flight distance R max at the flapping wing air vehicle can reach. Similar to conventional aircrafts, the flapping wing air vehicle has favorable flight velocities V L and V R to reach the maximum flight time and maximum range. V L and V R are also limited by the battery discharge capacity. Through the study of the flight power curve of the flapping wing flight shown in Fig. 4 , it can be found that:
(1) Minimum flight power P L·min and the corresponding favorable velocity V L .
At this favorable velocity, the flapping wing air vehicle can maintain the longest flight time t max for a given battery capacity. Essentially, t max refers to the maximum time that the discharge can last with the output current (corresponding to a certain discharge index n needed by the power battery to maintain the minimum power of the wing drive system.
(2) Farthest flight power P R·min and the corresponding velocity V R Power P 0 is the work W ne per unit of time, namely:
The velocity V is the distance R traveled per unit of time, namely:
According to (42) and (43):
Where: W refers to the energy output by the wing drive system to achieve the farthest flight distance. This energy is also the maximum power that the battery can output, so it is a constant. In order to maximize the flight distance R. the value in (44) is required to be the smallest. In Fig. 4 , make a tangent from the origin to the power curve. P V corresponding to the tangent point between the tangent and the curve is the minimum value. The flight power P and the flight velocity V corresponding to the minimum value are the farthest flight power P R and the favorable velocity V R . The longest range that the aircraft can reach is:
Where: t n refers to the maximum time that the discharge can last with the output current (corresponding to a certain discharge index n) needed by the power battery to maintain the flight power P R of the longest range.
V. COMPARATIVE ANALYSIS OF PERFORMANCE CALCULATION RESULTS AND FLIGHT TEST RESULTS
The flapping wing flight performance is calculated with the flapping wing air vehicle prototype (shown in Fig. 7 ) designed by the team as an example. The skeleton of the wing is made of carbon fiber resin composite and the skin is covered by PET film, it has very good performance in aerodynamic characteristics.
The main parameters of the flapping wing air vehicle prototype are shown in Table 1 C D0 is calculated by (35) in the table. The wetted area of the entire vehicle of the electronic prototype S wet = 730cm 2 . According to the data of Table 1 and the flight performance calculation method proposed in this paper:
(1) The flapping wing flight power curve similar to that of Fig. 4 is generated. Through the graph method, the maximum leveling flight velocity V max = 15.6m/s under the maximum power limit. The favorable velocity V L = 8.4m/s of the longest time. The favorable velocity longest range V R = 10.6m/s of the longest range; (2) The minimum flight velocity V min = 4.9m/s according to (36); (3) According to the flapping wing flight power curve, the maximum remaining power is 1.1w, V V ·max = 1.53m/s; (4) The drive current required by the maximum flutter power I B·OUT = 1930mA. The battery capacity c = 380mAh. The discharge index n = 5. According to the test data, the discharge capacity of the polymer lithium ion battery under the discharge index is about 95% of the battery capacity. Through calculations, it can be known that the longest available discharge time t n KY = 637s. The maximum ceiling is 974m by substituting the data above into (41); (5) At the favorable velocity V L = 8.4m/s of the longest range, the wing drive system should work at the maximum transmission efficiency η s·max . At this time, the drive current I B·OUT = 1210mA, the discharge index n = 3.2. The discharge capacity of the battery under this discharge index is about 97.5% of the battery capacity. The longest available discharge time t n KY = 1096s, which is about 18 minutes. (6) At the favorable velocity V R = 10.6m/s of the longest range, the drive current of the wing drive system is slightly larger than the drive current of the longest range (about 1.1 times of the current), here, I B·OUT = 1331mA, the discharge index n = 3.5. The discharge capacity of the battery under this discharge index is about 96% of the battery capacity. The longest available discharge time t n KY = 986s. The longest range obtained is 10458m, which is about 10km.
More than 30 flight tests of this flapping wing air vehicle prototype were carried out in the open field, it takes off by using hand throwing, and its thrust changes by changing flapping frequency during flight to control flight velocity and the rate of climb. As shown in Fig. 8 , during the flight tests, the flapping wing air vehicle prototype flied stably and the operation was flexible. It had a good climb performance. The minimum flight velocity was approximately 5m/s. The cruising flight velocity was over 8m/s. The longest endurance time was 17.8 minutes. The maximum flight altitude was about 900m. The maximum range was 9.4km. Compared with the data obtained from the flight tests of the flapping wing air vehicle prototype, the results obtained by the calculation method proposed in this paper are reasonable.
VI. CONCLUSIONS
(1) Firstly, the paper establishes the slipstream theory of the flapping wing flight. Then the paper establishes the flapping wing energy theory based on the slipstream theory and the calculation method of the power required for the flapping wing flight.
(2) Based on the energy theory of the flapping wing flight, with reference to the performance requirements of the flapping wing air vehicle, the overall parameters and the performance of the wing drive system, the paper proposes the calculation methods of the flapping wing flight performance, including the maximum leveling velocity, the minimum leveling velocity and the maximum climb rate, the ceiling, the maximum endurance time, the farthest range and their corresponding favorable velocities. The proposed methods complete the flight performance calculation of the flight performance in the current flapping wing theory.
(3) The flapping wing flight performance calculation method proposed in this paper is used to verify the flight performance of the flapping wing air vehicle prototype. The calculation results are in good agreement with the flight tests of the flapping wing air vehicle prototype, proving that the wing flight performance calculation method is feasible and effective.
